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Abstract: Automotive Three-Way Catalysts (TWC) were introduced more than 40 years 
ago. Despite that, the development of a sustainable TWC still remains a critical research 
topic owing to the increasingly stringent emission regulations together with the price and 
scarcity of precious metals. Among other material classes, perovskite-type oxides are 
known to be valuable alternatives to conventionally used TWC compositions and have 
demonstrated to be suitable for a wide range of automotive applications, ranging from 
TWC to Diesel Oxidation Catalysts (DOC), from NOx Storage Reduction catalysts (NSR) 
to soot combustion catalysts. The interest in these catalysts has been revitalized in the past 
ten years by the introduction of the concept of catalyst regenerability of perovskite-based 
TWC, which is in principle well applicable to other catalytic processes as well, and by the 
possibility to reduce the amounts of critical elements, such as precious metals without 
seriously lowering the catalytic performance. The aim of this review is to show that 
perovskite-type oxides have the potential to fulfil the requirements (high activity, stability, 
and possibility to be included into structured catalysts) for implementation in TWC.  
Keywords: perovskite-type oxides; honeycombs; structured catalysts; three-way catalysts; 
CO oxidation; hydrocarbon combustion; NOx reduction; self-regenerative properties; washcoat  
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1. Introduction  
Unburnt hydrocarbons (UHC), carbon monoxide (CO), and nitrogen oxides (NOx) are the major 
noxious gases present in the exhaust of internal combustion engines. In order to comply with the 
stringent emission levels imposed by the legislation, these compounds have to be eliminated before 
they are released into the surrounding environment. For this purpose, gasoline-powered vehicles are 
equipped with a Three-Way Catalytic (TWC) converter. This emission control device, constituted of a 
mixture of catalytically active components deposited onto a monolithic honeycomb substrate, allows 
the simultaneous conversion of UHC, CO, and NOx into harmless CO2, H2O, and N2 (Equations (1)–(4)).  
UHC + O2 → CO2 + H2O  (1) 
2CO + O2 → 2CO2  (2) 
UHC + NO → ½N2 + CO2 + H2O  (3) 
CO + NO → ½N2 + CO2  (4) 
Because oxidation and reduction reactions must occur simultaneously, TWC are most efficient 
when operated under conditions close to the stoichiometric point (i.e., air-to-fuel ratio of 14.7 w/w for 
gasoline vehicles). The composition of the exhaust is continuously determined by an oxygen sensor 
and the air-to-fuel ratio is adjusted accordingly by the fuel-control feedback system. A time lag 
between the analysis and the adjustment produces slight redox fluctuations of the exhaust gas 
composition around the stoichiometry [1].  
The current TWC technology used in gasoline vehicles is based on noble metals. Platinum and 
palladium are used as oxidation components. Both can also contribute to NOx reduction but are much 
less efficient than rhodium. The performance of the noble metals is increased by dispersion on a high 
specific surface area (ca. 100 m
2∙g
−1) γ-Al2O3 support. Ceria-zirconia, a high Oxygen Storage Capacity 
(OSC) material was introduced to minimize the air-to-fuel ratio fluctuations in the exhaust [2]. Other 
common additives include BaO (NOx trap), zeolites (UHC or NOx adsorbent), La2O3 (thermal stability 
enhancer for γ-Al2O3), TiO2, NiO and SiO2. Natural gas vehicles (NGV) generate exhaust emissions 
containing higher concentrations of methane, a potent greenhouse gas [3] and the most difficult 
hydrocarbon to oxidize, with respect to their gasoline counterparts. For this reason, TWC for NGV are 
mainly based on Pd, the most active catalyst for methane oxidation, and contain a threefold higher 
noble metal loading (ca. 3 mg∙cm
−3) than their gasoline equivalents (ca. 1 mg∙cm
−3) [4].  
TWC are more exposed to high temperatures (up to 1000 °C) than diesel oxidation catalysts as a 
consequence of their vicinity to the engine or of the higher fuel load during operation. Consequently, 
thermal ageing can cause noble metal sintering processes or diffusion into the alumina support with 
mileage [5]. Because of the progressive loss of catalytic activity upon ageing and of the price and 
scarcity of noble metals, there is a need to further develop this technology for limiting their amount in 
the catalytic converter and for increasing their tolerance to the harsh operating conditions.  
Already, in 1971, LaCoO3 perovskite-type oxide was proposed as an economic substitute for noble 
metal-based exhaust after treatment catalysts [6]. Co-, Fe-, Mn-, and Ru-based perovskite-type oxides 
exhibited promising activity for the oxidation of CO and the reduction of NOx [7–11]. La0.8Sr0.2CoO3 
was shown to compare well with 1 wt% Pt/Al2O3 for hydrocarbon oxidation [12]. The promising Catalysts 2014, 4  228 
 
 
oxygen storage capacity of LaMn0.976Rh0.024O3+δ was also pointed out [13]. However, the high levels of 
sulfur in the fuels greatly limited their use in real applications. Recently, the use of LaFe0.95Pd0.05O3 [14] 
for the exhaust after treatment of gasoline engines and the demonstration that La0.9Sr0.1CoO3 can rival 
with  noble metal-based catalysts for the treatment of diesel vehicle exhaust [15]  confirmed the 
suitability of and rejuvenated the interest for this class of catalysts. Over the past several years, a 
continuous effort was undertaken to understand and improve the catalytic properties of perovskite-type 
oxides in automotive applications. In this review, we briefly describe the redox properties of 
perovskite-type oxides and the relevant mechanisms involved in oxidation and reduction reactions 
peculiar of TWC operation. Because of our interest in catalytic converters for NGV applications, the 
main part of the review is dedicated to the practical aspects of the use of structured perovskite-type 
oxide catalysts with a special emphasis on TWC. The advantages and limits will be discussed with the 
aim of identifying the most suitable types of catalysts for automotive applications.  
2. Perovskite-Type Oxides  
Perovskite-type oxides with the general formula ABO3 can crystallise in cubic structure with a 
space group Pmm or in distorted orthorhombic, rhombohedral, tetragonal, monoclinic or triclinic 
symmetry. The content of oxygen and defects can vary depending on the composition due to a large 
stability range of the structure. The larger A-site cation is often a rare earth (La, Sm, Pr), an alkaline 
earth (Sr, Ba, Ca), or an alkali (Na, K) metal cation coordinated to 12 oxygen anions. The B-site cation 
is typically a smaller transition metal cation occupying octahedral interstices in the oxygen framework. 
The stability of the perovskite phases is largely governed by geometric considerations that are best 
summarized by the Goldschmidt tolerance factor, t (Equation (5)):  
𝑡 =
(𝑟 𝐴 + 𝑟𝑂)
√2(𝑟𝐵 + 𝑟𝑂)
  (5) 
where rA, rB, and rO are the respective radii of A, B, and oxygen ions. The value of the Goldschmidt 
tolerance factor must be in the range from 0.75 to 1.00 in order to obtain the perovskite structure [16]. 
Several combinations of A- and B-site cations can form a stable perovskite-like structure. Additionally, 
A-  and B-site cations,  as well as oxygen anions can be partially substituted by other suitable   
elements [17,18]. Partial substitution allows the control of the valence state of A- and B-site cations as 
well as the non-stoichiometry (cationic or anionic vacancies) in the mixed oxide based on electroneutrality 
arguments. The presence of a multiplicity of oxidation states is the major responsible for the catalytic 
properties of perovskite-type catalysts [19,20]. Due to  this wide diversity, perovskite-type oxides   
also offer a large array of properties [21] (e.g.,  ferroelectricity, piezzoelectricity, pyroelectricity, 
thermolectricity [22], magnetism, superconductivity),  which can be finely tuned for intended 
applications. For these reasons, more than 2000 scientific papers are devoted to perovskite-type 
materials every year and several review articles specifically focus on their preparation, structure 
elucidation, and applications [23–27].  
Perovskite-type oxides possess adsorption, acid-base, as well as redox properties, which lead to 
attractive catalytic properties [25]. The very first studies concerning their use as catalysts were 
conducted by Parravano et al. [28] and Dickens et al. [29] in 1952 and 1965, respectively. Since then, 
they were evaluated in various catalytic (e.g., total or partial oxidation of hydrocarbons, oxygenated Catalysts 2014, 4  229 
 
 
compounds or halocompounds; hydrogenation of CO or CO2; hydrogenolysis of hydrocarbons), 
photocatalytic and electrocatalytic processes [25].  
2.1. Parameters Influencing the Catalytic Activity  
The catalytic activity of perovskite-type oxides is largely controlled by the nature of the B-site 
cation. Amongst noble metal-free perovskites, those based on Co and Mn perform the best in the 
oxidation of hydrocarbons and CO (Figure 1) [30–32]. The role of the A-site cation was found to be 
less decisive in the studied systems. Nitadori et al. [31], as well as Panich et al. [32], did not observe 
significant activity differences between Y-, La-, Pr-, Nd-, Sm-, Eu-, and Gd-based cobaltates tested in 
the oxidation of propane, methanol, CO, ethylbenzene, and propylene (Figure 1). However, partial 
substitution at the A-site by a cation of different valence (e.g., substitution of La
3+ by Sr
2+ or K
+)  
can form oxygen vacancies and/or change the oxidation state of the B-site cation, which enhances 
substancially the catalytic properties of the material [31,33]. Detailed review concerning the effects of 
substitution on the CO oxidation activity of perovskite-type oxides can be found in reference [27].  
Figure 1. Influence of A- and B-site cations on the catalytic activity of perovskite-type 
oxides for propane oxidation at 227 °C (Remark: B in LaBO3, SmBO3 and GdBO3 refers to 
the B-site metal cation and not to boron element). Adapted with permission from   
Nitadori et al. [31]. Copyright 1988, The Chemical Society of Japan.  
 
The performance does not only depend on the phase composition of the mixed oxide but also on the 
preparation procedure and its parameters, as these affect the crystallinity, texture and morphology of 
the final material [34–39]. For example, the TWC activity of La0.7Sr0.3Mn0.7Cu0.3O3−δ prepared by 
complexation of nitrate salts in the presence of citric acid and ammonia is strongly affected by the 
acid-to-ammonia ratio employed for the synthesis [40]  since it affects the polymerization of the 
precursor molecules. The catalytic performance of perovskite-type oxides is well-known to increase 
with their Specific Surface Area (SSA) [11,23] which can often be very low. The main reason for this 
is that perovskite-type oxides are essentially high temperature phases and most of their preparation 
procedures require heating up at relatively high temperature. Solution chemistry methods (sol-gel, 
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freeze-drying, spray-drying, co-precipitation, etc.) can generally produce highly crystalline materials at 
lower temperature (700–800  °C) than solid-state reaction (900–1000  °C). Consequently, materials 
prepared by such means are usually preferred for catalytic applications because they have a larger SSA 
(up to 30 m
2∙g
−1 compared to less than 2 m
2∙g
-1). As an exception to this rule, a solid state reaction 
method designated as reactive grinding, which was developped by the group of Kaliaguine in the late 
1990s [41–45], proved to be efficient in producing perovskite-type oxides with high SSA. This   
low-temperature mechano-synthesis procedure consists in the high-energy ball-milling of oxide 
precursors for several hours at a temperature lower than 40  °C. The so-formed low SSA   
perovskite-type phase is subsequently ball-milled in the presence of a non-reactive additive (i.e., ZnO) 
which is leached at the end of the synthesis [46] to obtain a high SSA (sometimes above   
100 m
2∙g
−1 [42]) material.  
2.2. Reaction Mechanisms  
The high TWC performance of perovskite-type oxides is related to their oxygen mobility and 
storage capacity. Certain compounds, such as LaMn1−xNixO3, even demonstrate significantly higher 
OSC than commercial ceria-zirconia [47]. Oxygen uptake and release is associated with the existence 
of structural defects and the change of the oxidation state of the B-site cation. Some perovskite-type 
materials are employed as supports for high redox potential oxides which are chemically incompatible 
with conventional  γ-Al2O3. For example, MnOx/LaAlO3  is characterized by a promisingly high   
OSC [48]. Because two types of catalytically active oxygen species co-exist in a perovskite-type oxide 
(Figure  2) [49], two redox mechanisms have been proposed. Suprafacial  oxygen  species  (α)  are 
adsorbed on the oxide surface and are available at low temperature, generally below 600 °C. At higher 
temperature, bulk oxygen from the lattice, referred to as intrafacial oxygen (β), is activated and takes 
part in the catalytic reaction according to a Mars-van-Krevelen mechanism. In both cases, dissociation 
of molecular oxygen (or NO) from the gas phase must replenish oxygen species from the material, 
which are consumed during the reaction, so that the latter can proceed [13].  
Figure  2.  Oxygen temperature-programmed desorption on La0.6Sr0.4CoO3. The broad   
low-temperature  desorption  peak  corresponds  to  α-oxygen species and the sharp   
high-temperature one to β-oxygen species. Adapted with permission from Yamazoe et al. [49]. 
Copyright 1981, The Chemical Society of Japan.  
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Oxidation of hydrocarbons by molecular oxygen is governed either by a suprafacial or an intrafacial 
mechanism. The combustion of propylene and iso-butene on LaBO3 (B = Cr, Mn, Fe, Co, and Ni) at 
250  °C  occurs through a suprafacial process [50]. Methane oxidation takes place according to a 
suprafacial mechanism below 800 °C and according to an intrafacial one at higher temperature [51]. 
The combustion of toluene on LaFeO3 and YFeO3 is probably a suprafacial reaction, although the 
scenario of an intrafacial mechanism cannot be ruled out in the case of the latter oxide [52].  
CO oxidation by molecular oxygen is recognized to occur through a suprafacial process [26,53,54]. 
The reaction (Equations  (8)–(10))  takes place between oxygen species dissociatively adsorbed on 
surface B metal cations (Equation (6)) and CO species non-dissociatively adsorbed on O
2− anions 
(Equation (7)) [55,56]. In agreement with its limited influence on activity, the A-site cation does not 
seem to be involved in adsorption and reaction.  
O2(g) → O2(ads) → 2O(ads)  (6) 
CO(g) → CO(ads)  (7) 
CO(ads) + 2O(ads) → CO3(ads) (rate limiting step)  (8) 
CO3(ads) → CO2(ads) + O(ads)  (9) 
CO2(ads) → CO2(g)  (10) 
NO reduction takes place following an intrafacial mechanism [9,25,33,53,54]. NO dissociatively 
adsorbs on a surface oxygen vacancy (□) (Equation (11)). The recombination of two adsorbed nitrogen 
species leads to the formation of N2 (Equation (12)) while parallel pathways produce undesired N2O 
(Equation (13)) and isocyanate species (Equation (14)) [57]. The oxygen vacancy is restored by the 
reducing species in the gas phase (e.g., CO (Equation (15))). It has to be noted that, on perovskite-type 
oxides containing redox-active B-site cations (e.g.,  Co, Ni), the consumption of O2  proceeds 
preferentially to that of NO when both oxidizing species are present in the gas phase [58].  
NO(g) + B-□-B → N(ads) + B-O-B  (11) 
2 N(ads) → N2(g)  (12) 
N(ads) + NO(g) → N2O(g)  (13) 
N(ads) + CO(g) → NCO(ads)  (14) 
CO(g) + B-O-B → CO2(ads) + B-□-B  (15) 
2.3. Incorporation of a Noble Metal  
Despite the promising TWC performance of perovskite-type oxides, their very low SSA and their 
reactivity with typical components of three-way catalytic converters (e.g.,  γ-Al2O3) have to be 
overcome by the development of appropriate strategies. These issues will be developed in more details 
further in the article. The low price of noble metal-free perovskite-type oxides is counterbalanced by 
some of their limits, which appear critical for their implementation in real TWC. Most of these 
materials have a very low resistance against sulfur-containing poisons and those that do not (e.g., the 
LaCrO3 class) generally provide insufficient overall performance (Figure 3) [10,59,60]. The partial Catalysts 2014, 4  232 
 
 
substitution of the B-site cation by a noble metal dramatically increases the sulfur tolerance of 
perovskite-type oxides [61]. Tzimpilis et al. reported the activation of a La1.034Mn0.966Pd0.05Oz catalyst 
in the presence of 8 ppm of SO2 [62,63]. Regardless of their promising performance, noble metal-free 
perovskite type oxides still remain less active than noble metal supported catalysts [64].  Their 
operating window (range of exhaust compositions around the stoichiometry at which high conversions 
of UHC, CO,  and NOx  are simultaneously reached) is also much narrower (Figure 4) [65]. The 
incorporation of small amounts of a noble metal in the perovskite significantly promotes the reduction 
of NOx (which is otherwise limited) and improves the low temperature oxidation of UHC and CO 
(Figure 5) [13,66,67] (note the difference of reaction temperature and the inversion of the x axis 
between Figures 4 and 5). Some noble metal-based perovskite-type oxides present additional advantages 
(e.g.,  better  selectivity [64], activity improvement in the presence of water [68]) compared to 
conventional TWC. Furthermore, the incorporation of the noble metal in the perovskite matrix protects 
it against sintering and reduces its losses by volatilization under oxidizing atmosphere [9,69].  
Figure 3. TWC performance of LaCoO3 and LaCrO3 at 550 °C and 32,500 h
−1 during 
ageing under an oxygen-rich sulfur-containing atmosphere. Adapted with permission from 
Jovanovic et al. [60]. Copyright 1991, Elsevier.  
 
Figure 4. TWC activity of LaCoO3 at 655–685 °C and 18,000–21,500 h
−1 as a function of 
CO concentration in the exhaust gases (the percent of CO in the exhaust is indicative of the 
air-to fuel ratio). Adapted with permission from Sorenson et al. [65]. Copyright 1974, The 
American Ceramic Society.  
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Figure 5. TWC activity of LaMn0.976Rh0.024O3+δ at 400 °C and 13,000 h
−1 as a function  
of the stoichiometric factor �𝑆 =
2·𝐶𝑂2 + 𝐶𝑁𝑂
𝐶𝐶𝑂 + 9·𝐶𝐶3𝐻6
� . Adapted with permission from   
Guilhaume et al. [13]. Copyright 1997, Elsevier.  
 
The interest in perovskite-type oxides for TWC applications was intensified in the early 2000s with 
the discovery of the so-called self-regenerative property [70,71]. The high temperature (up to 1000 °C) 
and the redox environment of exhaust gases are known to provoke the progressive deactivation of 
conventional supported noble metal catalysts. This loss of activity, which results from the agglomeration 
and growth of metal particles, is claimed to be suppressed in self-regenerative perovskite-based 
catalysts. The self-regenerative function was first reported on LaFe0.57Co0.38Pd0.05O3 [70] in which 
palladium (but also a small fraction of cobalt) oscillates between two oxidation and coordination states 
depending on the redox environment. Under slightly oxidative atmosphere, it is incorporated in the 
perovskite lattice as Pd
3+ cations occupying B-sites. Under slightly reducing environment, it segregates 
out of the perovskite crystal in the form of metallic nanoparticles of 1–3 nm. Therefore, palladium 
reversibly moves in and out of the perovskite matrix in response to the cyclic redox fluctuations of the 
exhaust gas composition. These reversible structural changes, which are fast (only a few seconds at 
600 °C [14]) and occur even at low temperature (100–400 °C) [72,73], suppress the growth of Pd 
particles compared to Pd/Al2O3.  To illustrate this phenomenon, the behaviors of two catalysts of 
similar initial activity are compared after ageing in a real exhaust at 900 °C for 100 h. The reference 
Pd/γ-Al2O3 catalyst loses about 10% of its activity (Figure 6) owing to the sintering of noble metal 
particles (D  > 100  nm). On the contrary, LaFe0.57Co0.38Pd0.05O3  maintains a high Pd dispersion   
(D = 1–3 nm) and its activity remains unchanged (Figure 6) [70,74]. Following the discovery of the 
self-regenerative property of LaFe0.57Co0.38Pd0.05O3, several other “intelligent”  catalysts  based on 
platinum or rhodium hosted in LaFeO3, LaAlO3, CaTiO3, CaZrO3, SrTiO3, SrZrO3, BaTiO3, or BaZrO3 
structure were identified [75]. Each combination of noble metal and host structure is characterized by 
the proportion of precious metal likely to form a solid solution with the perovskite-type oxide and, 
therefore, to be involved in the self-regeneration process (Table 1) [75]. The stronger metal-support 
interaction of the noble metal with a perovskite-type oxide support, as compared to a conventional 
alumina support, significantly increases its resistance to thermal sintering, allowing to enhance the 
catalytic performance while minimizing the noble metal content [76,77].  
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Figure 6. Change in the CO-NOx cross-over point conversion (which is indicative of the 
catalytic activity) of LaFe0.57Co0.38Pd0.05O3 and Pd/Al2O3 catalysts upon ageing in a real 
exhaust gas at 900 °C for 100 h. Adapted with permission from Nishihata et al. [70]. 
Copyright 2002, Nature Publishing Group.  
 
Table 1. Proportion of noble metal in AB0.95B'0.05O3 (B' = Pd, Pt, Rh) actually forming a 
solid solution with the host structure under reducing (lower value) or oxidative (upper 
value) atmosphere (“-” indicates that no data is available; “x” indicates that the precious 
metal and the perovskite do not form a solid solution). Adapted from Tanaka et al. [75].  
Host structure 
Noble metal 
Pd  Rh  Pt 
LaFeO3  0%–100%  63%–100%  25%–83% 
LaAlO3  -  69%–100%  - 
CaTiO3  x  28%–100%  20%–100% 
CaZrO3  -  53%–100%  27%–100% 
SrTiO3  -  37%–100%  50%–100% 
SrZrO3  -  x  x 
BaTiO3  -  0%–100%  25%–93%% 
BaZrO3  -  47%–100%  x 
Recent HAADF-STEM observations on Pd-LaFeO3, Pt-CaTiO3, Rh-CaTiO3,  and Pt-BaCeO3 
systems question the self-regenerative function [78,79]. The microscopy study evidenced that a 
fraction of the fully reversible formation-dissolution of noble metal particles under redox cycling 
predominantly takes place within the bulk of the host structure. This implies that most of the metallic 
clusters formed under reducing atmosphere are not directly accessible to the catalytic reaction. 
However, it should be kept in mind that the easy A
0  ↔  A
3+  (A  = Pd, Pt, Rh) transformation is 
accompanied by an oxygen uptake-release and that a defective perovskite structure is formed when the 
noble metal segregates out of the oxide. Both phenomena undoubtedly play a role in the activity of the 
material. The formation and dissolution of noble metal clusters at the surface of the perovskite 
particles was found to be much more limited than expected [78]. The surface noble metal clusters 
formed after reduction in 10 vol% H2/N2 at 800 °C for 1 h tended to coarsen rather than return into the 
perovskite matrix after oxidation in 20  vol%  O2/N2  at 800  °C  for 1  h [79]. At least, the partial 
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embedding of these particles in the support surface confirms that they strongly interact with the host 
structure (Figure 7) [78]. In fact, contrary to what happens during the relatively long pretreatment 
procedure prior to HAADF-STEM observation (1 h under constant atmosphere [79] or alternance 
between reducing and oxidizing environments every 10 min [78]), one can expect that this interaction 
should be constantly revived under the high frequency (0.5–5 Hz) redox fluctuations of a real exhaust. 
This should limit the mobility of the precious metal particles on the surface of the host material and 
prevent their agglomeration. Therefore, it is likely that the durability of “self-regenerative” materials 
does not originate from a fully reversible phenomenon but from a strong interaction between surface 
precious metal particles and the perovskite surface maintaining them in a highly dispersed state under 
real operating conditions.  
Figure  7. TEM image of a Pd particle partially embedded in the surface of a LaFeO3 
support. Reproduced with permission from Katz et al. [78]. Copyright 2011, American 
Chemical Society.  
 
A last point worth mentioning is that the incorporation of the noble metal in the perovskite matrix is 
not beneficial for all applications. Indeed, perovskite-supported noble metal catalysts remain more 
active than noble metal-substituted perovskites [80]. As a consequence, Pd-based perovskite-type 
oxides tested in the treament of NGV exhaust were found to activate upon thermal treatment at high 
temperature (850–950 °C) due to the migration of Pd out of the perovskite lattice [63] and the growth 
of noble metal particles [81].  
3. Preparation of Structured Catalysts  
TWC for automotive applications are traditionally supported on a structured carrier. Structured 
catalysts offer several advantages compared to their powder and pellet counterparts. These include (i) a 
very low pressure drop; (ii) an increased efficiency due to an improved mass transfer; (iii) a high safety 
(self-draining reactor, no risk of clogging); (iv) an easy separation from the reaction medium and (v) 
cost reduction (low production costs, low catalyst loadings) [82,83]. The requirements, preparation 
procedures and performance of structured catalysts have been discussed in several review articles [82–85]. 
The most common structured carriers are monoliths, also referred to as honeycombs. These single 
block structures possess numerous small parallel straight channels which can be of square, triangular, 
hexagonal or round shape. Channel density can vary from 25 to 1600 channels per square inch (cpsi) 
and has to be carefully chosen depending on the specific requirements of the process. A higher cell Catalysts 2014, 4  236 
 
 
density implies a higher geometric surface area but also more complex manufacturing and washcoating 
procedures as well as higher pressure drops [82]. Monolith substrates used in automotive applications 
generally have square channels with a cell density of 300–600 cpsi [86,87]. More than 90% are made 
of cordierite (2MgO·2Al2O3·5SiO2) [83], which offers high mechanical strength, very low thermal 
expansion coefficient and resistance to high temperatures and thermal shocks [82,85,86]. Other 
ceramic materials (mullite, silicon carbide, alumina, etc.) or metals (Al, Ni, stainless steel, FeCrAl 
alloy, etc.) are also used in practice [82,83,85].  
In the previous sections of this review, we have demonstrated that perovskite-type materials show 
promising activities in the combustion of hydrocarbons, oxidation of CO and reduction of NOx. In 
order to confirm their potential for real application in TWC converters, it is necessary to evaluate their 
performance as active components of structured catalysts. Amongst the extensive literature related to 
perovskite-type  catalysts, studies concerning specifically structured ones are still relatively scarce. 
Furthermore, the great majority is dedicated to the oxidation of CO or various hydrocarbons under lean 
atmosphere and at relatively low gas hourly space velocity (GHSV < 10,000  h
−1). It is therefore 
difficult, from these data, to assess the performance of perovskite-type catalysts in TWC converters, 
whose operating conditions (stoichiometric atmosphere, GHSV up to 100,000 h
−1) significantly deviate 
from those previously mentioned. 
In the following, we will refer to the two main categories of structured catalysts described by  
Avila et al. [85] (Figure 8), namely incorporated and coated catalysts. 
Figure  8.  Paths for the preparation of structured perovskite catalysts. Adapted with 
permission from a more general scheme by Avila et al. [85]. Copyright 2005, Elsevier.  
 
3.1. Incorporated Catalysts  
In incorporated catalysts, the active phase is an integral part of the structured body. Consequently, a 
high mass of the active component is present and a first requirement is therefore that the catalytic 
material should not be too expensive. Because of their nature, they become relevant to conditions 
where catalyst erosion can occur and diffusion limitations are negligible. They are produced either by 
Extrusion (ceramic carrier) or corrugation (metal carrier)
Low surface area carrier
High 
surface
area carrier
Slurry-coating
Coated
support
In situ synthesis
Coated
supported
catalyst
Impregnated
catalyst
Extruded
catalyst
Shaping
Incorporation of the support
Incorporation of the active phase
Activation
Drying and calcination
Catalyst type
Coated unsupported
catalyst
In situ synthesis
Incorporated catalysts Coated catalystsCatalysts 2014, 4  237 
 
 
direct extrusion of a plastic paste containing the catalytic material or by impregnation of precursors on 
a high surface area substrate. To our knowledge, only perovskite-containing structured catalysts of the 
first category have been studied thus far. Most of available articles have been produced by the same 
group: Isupova, Sadykov et al. [88–93] prepared extruded monoliths from a wide range of perovskite 
catalyst compositions (A = La, Sr, Ce, Dy, Y; B = Fe, Mn, Ni, Co, Cu).  
Perovskite-based monoliths can be produced in a reduced number of steps including the extrusion 
of a plastic paste containing the catalytic powder, a drying step and a calcination step. Even in the 
absence of additives, catalyst powders with sufficient surface reactivity (i.e., high surface density of 
acid and hydroxyl groups) easily form a water-based paste from which high-strength extrudates can be 
produced [88]. In other cases, it is necessary to use additives in order to, on the one hand, adjust the 
rheological properties of the paste to make it suitable for the extrusion process and, on the other hand, 
optimize the mechanical strength and porosity of the final monolith. The use of an alumina binder 
enhances the contacts between perovskite particles, resulting in increased SSA, mechanical strength 
and resistance to thermal shocks [88–90]. In some cases, there can be counterproductive effects of 
employing a binder. A decrease of the catalytic activity can result from the partial blockage of active 
centers by alumina particles [89] or from the formation of less active hexa-aluminate surface   
micro-phases due to chemical interactions between the binder and the perovskite-type catalyst at high 
temperature [90]. In order to force the conversion of the alumina binder into a hexa-aluminate phase 
before it can alter the perovskite, sacrificial A- and/or B-site cations can be added to the extrusion 
paste as nitrate salts [91]. While small amounts of a surfactant (ethylene glycol, glycerol, carboxymethyl 
hydro cellulose) improve the rheological properties of the extrusion paste and limit the formation of 
cracks during drying, too high amounts are responsible for a significant increase of the mean pore  
size (Figure 9) and consequently a decrease of the mechanical strength [88,89]. The addition of 
ceramic fibers improves the resistance to thermal shocks [88] and modifies the pore structure of the 
monolith [91,92]. Organic or mineral acids can be used as peptizing agents. Despite that acetic acid is 
more environment-friendly than nitric acid (HNO3 releases NOx during the calcination step), monoliths 
with higher mechanical strength were produced with the latter [88,89].  
Figure  9.  Influence of surfactant (ethylene glycol) content on the mean pore radius   
of  monolithic LaMnO3. Adapted with permission from Isupova  et al.  [88]. Copyright   
1996, Elsevier.  
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The drying step has to be performed slowly under controlled humidity conditions in order to avoid 
the formation of cracks [89,90]. Extruded monoliths can contain up to 70–80 wt% of active phase. 
Appropriate formulation of the extrusion paste can yield high SSA (30–75 m
2∙g
−1), porosity (up to  
0.3 cm
3∙g
−1), and mechanical strength (up to 10–20 MPa∙cm
−2), even after calcination at 900 °C. The 
extrusion procedure was not reported to alter the phase composition [91,92].  
The catalytic performance of extruded perovskite catalysts was found to be mostly determined by 
their SSA [91,92]. Isupova et al. calculated that the specific rates of methane disappearance per gram 
of active component were comparable to those reported by other authors on powder and coated 
perovskite-type catalysts [92]. Therefore, an extruded catalyst, which, by its nature, contains a higher 
amount of active phase than a coated catalyst of comparable geometry (volume, density of channels, etc.) 
will show a higher overall activity in the kinetic regime [94].  Nevertheless, as active sites are 
distributed within the walls of the structured body, some of them are not easily accessible to the 
reactants and mass transfer limitations commonly occur at high temperature (e.g., above 560 °C for 
methane oxidation [91,93]). High temperature (up to 1300 °C) tests on pilot installations during several 
months showed the better stability in terms of activity, mechanical strength, monolith integrity and 
resistance to poisons (HF, HCl, SO2) of extruded perovskite-type catalysts compared to the coated 
oxide catalysts conventionally used for the same applications [88–90].  
3.2. Coated Catalysts  
Coated catalysts are obtained when a thin layer (ca. 100 µm) of active components is deposited on 
the walls of a low surface area structured carrier. Although perovskite-type coatings can be obtained 
through plasma spraying [95], chemical vapor deposition [96], flame-assisted vapor deposition [97], 
physical vapor deposition [98] or even atomic layer deposition [99], these advanced techniques are not 
easily scalable, based on cost considerations, and generally produce dense layers which are not suitable 
for catalytic applications. We will, therefore, limit our discussion to more conventional and cost effective 
methods. Precursor techniques where the active material is synthesized directly on the substrate wall 
will be distinguished from procedures where a slurry of the powder catalyst is washcoated.  
3.2.1. Precursor-Derived “On-Substrate-Wall” Synthesis of Catalysts  
Immersion of the structured carrier in an aqueous solution of salt precursors in the absence of any 
additive [100,101] or in the presence of citric acid [102] is employed to prepare perovskite-type active 
phases directly on the substrate. Citric acid acts as a chelating agent and enables the preparation of 
highly concentrated precursor solutions. The increased viscosity and concentration of such solutions 
result in increased amounts of deposited material. A variation of this preparation protocol uses a 
polymerized solution of nitrate precursors, citric acid and ethylene glycol prepared by the Pechini 
method [101,103–105]. After withdrawal of the impregnated carrier, the excess solution is removed by 
blowing pressurized air. Drying can be carried out in a conventional furnace (80–200 °C) [102–104], 
under air-flow at room temperature [101], or in a microwave oven [106]. The latter option allows a 
homogeneous drying, preventing the redistribution of the active material and therefore ensuring its 
good distribution on the carrier [107]. Finally, calcination at 700–1100 °C [101,102,104] converts the 
precursors into the desired perovskite-type oxide. Phase pure materials are generally obtained but Catalysts 2014, 4  239 
 
 
secondary phases are sometimes detected [101]. However, the method presents some drawbacks. First, 
it is long, because several dip-dry-calcine cycles are required to obtain the desired active phase 
loading. Then, low SSA (below 6 m
2∙g
−1) of the synthesized perovskite-type materials is generally 
obtained [101,103,104]. In addition, the partial dissolution of the substrate in the acidic and chelating 
solution used for impregnation leads to the formation of less active secondary phases (e.g., spinels, 
partially substituted perovskites) [101,103,104]. This phenomenon can be limited by precoating a thin 
layer of ZrO2 or Ln2O3 primer (Ln = mixture of La, Ce, Pr, Nd, Sm) on the structured carrier prior to 
the deposition of the perovskite phase [103].  
Polymerized solutions prepared by the Pechini method produce a distinct active phase layer covering 
the walls of the structured carrier [101]. The coating has a thickness of 2–160 μm [101–103] and shows a 
coherent interface with the substrate which was interpreted as a sign of good adherence [101,102]. 
However, large cracks (up to 30 μm; Figure 10a) were observed in the coating and no adherence 
assessment test was performed. Traditional wet impregnation with a solution of metal nitrate precursors 
does not produce a separate catalytic layer but the active component is uniformly distributed across the 
walls of the structured carrier [100,101]. Despite these differences in morphology, similar activities are 
measured on both types of samples [101]. However, in the presence of mass transfer limitations, samples 
prepared following the Pechini method exhibit higher performance due to the better accessibility to 
their active sites (active phase distributed at the surface of the monolith walls rather than within them).  
In situ solution combustion synthesis [4,108–116] seems to be a good alternative to the previously 
described procedures. It allows the production of a well-adhered and porous perovskite layer in a 
reduced number of steps. After being dipped into an aqueous solution containing nitrate precursors 
(oxidant), urea (fuel) and ammonium nitrate (combustion booster), the structured carrier is placed in an 
oven at 600–650 °C. This rapidly brings the aqueous phase to boil and the precursor mixture to ignite: 
within few minutes, the heat released by urea combustion allows the transformation of the nitrate 
precursors into a phase pure perovskite-type oxide [4,108–111]. The generation of large amounts of 
gaseous products in a very short period of time during the combustion produces a 40–100 μm thick, 
highly porous and spongy coating (Figure 10b) with high SSA (4–30 m
2∙g
−1) [4,108–110,112,113]. 
Such a structure minimizes the pressure drops and improves the mass transfer [113]. Although catalytic 
powders prepared by solution combustion synthesis were reported to easily crumble [109,114], coatings 
obtained by the same procedure show excellent adherence. The weight loss of samples submitted to a 
vibration test consisting in a 5 h treatment in an ultrasonic bath is lower than 1% [4,110,112,113,115]. 
Thermal ageing at temperatures as high as 850 °C in the presence of SO2 [115] or water [109] did not 
induce significant deactivation and no chemical interactions between the active phase and the 
structured carrier were evidenced [108–110,112,114–116].  
3.2.2. Washcoated Catalysts  
Washcoated catalysts are prepared from an already formed active phase powder which is used to 
produce a slurry and applied to the structured carrier surface by dip-coating. This technique consists in 
dipping the dry substrate into the catalyst suspension for a short period of time. After subsequent 
withdrawal, the excess slurry remaining in the channels/pores of the substrate is removed by blowing Catalysts 2014, 4  240 
 
 
pressurized air. The deposited catalyst layer is then left to dry between room temperature and 200 °C 
and finally fixed to the carrier by calcination at 500–700 °C.  
Figure  10. SEM images of (a) a LaMnO3 film prepared by CM (top-view) and (b) a 
La0.8Li0.2Cr0.8O3  layer deposited via solution combustion synthesis (cross-section). 
Reproduced with permission from Isupova et al. [101] and Fino et al. [112]. Copyright 
2002 and 2006, Elsevier.  
 
Washcoated Unsupported Catalysts  
Perovskite-type materials used to prepare washcoated catalysts are generally obtained by conventional 
techniques such as the amorphous citrate method (CM) [106,117,118], co-precipitation [94,100,119] or 
flame-assisted synthesis (e.g., flame hydrolysis [118,120–122]). The solvent of the slurry is typically 
water [39,117,120–124] but organic solvents, such as n-butanol, are sometimes employed [62,63]. 
Similarly to extrusion pastes, various additives can be used to tune the rheological properties of the 
slurry and improve the quality of the coating. An alumina or zirconia binder increases the mechanical 
strength and adherence of the coated layer [106]. A temporary binder, such as Tylose (a cellulose 
derivative), can sometimes be employed [39,94,100,119]. This additive, which acts in the same way as 
a permanent binder, prevents damage that may occur during handling of the catalyst and is eliminated 
during the calcination step. A peptizer, such as nitric [117,120] or citric acid [125,126] improves the 
dispersion of suspended particles in the slurry. A critical parameter known to influence the stability of 
a slurry is the size of the suspended particles. If these particles are sufficiently small (i.e., if the 
selected synthesis protocol produces very fine catalyst particles [121] or if an appropriate size fraction 
has formerly been collected through grinding and sieving [126]), they can be easily dispersed by low 
energy ball-milling [118,120–122] or even simple stirring at room temperature [117]. Otherwise, the 
slurry must be submitted to high energy ball-milling in order to attain catalyst particles of the desired 
size, typically below 5 µm [106].  Catalysts 2014, 4  241 
 
 
Active phase layers deposited by dip-coating are generally homogeneously distributed over the 
surface of the carrier but cracks sometimes appear during drying, calcination [117] and operation. In 
the worst cases, the formation of deep cracks upon thermal ageing leads to the partial exfoliation of the 
active phase [122]. Therefore, besides catalytic activity, both the quality and adherence of the 
washcoat are important issues to be considered. The mechanical properties of the coated layer 
primarily depend on the characteristics of the initial catalyst powder. Perovskite-type materials with 
high SSA and good crystallinity can be obtained by CM after calcination at relatively low temperature 
(700–750 °C). Contrary to flame-made powders, such materials never experienced high temperatures 
and are characterized by a poor thermal stability. As a consequence, a coated CM-made perovskite 
powder is significantly deactivated after exposure to a temperature of 800 °C [120] and large cracks 
appear between the active phase and the carrier [118]. The composition of the mixed oxide is also of 
great importance because it influences the surface chemistry (e.g.,  nature and density of surface 
groups) of the oxide as well as the way the latter bonds to the carrier. For example, Kucharczyk et al. 
observed that the adherence of washcoated La1−xAgxMnO3 decreases with increasing the amount of Ag 
incorporated into the perovskite (Figure 11 [126]). Adherence obviously depends also on the nature of 
the substrate: the bonding of the catalyst is weaker on metal carriers, which have a much lower 
porosity and a smoother surface than ceramic ones [82,83,85,117].  
Figure 11. Influence of La substitution by Ag on the resistance of washcoated La1−xAgxMnO3 
catalysts to 4000 cycles of heating to 1000 °C and rapid cooling to room temperature. 
Adapted with permission from Kucharczyk et al. [126]. Copyright 2008, Elsevier.  
 
As previously mentioned, it is possible to improve the mechanical properties of the coated layer by 
means of additives. Qi et al. [106] observed that the mechanical strength of a coating consisting only 
of perovskite-based particles was so poor that it could simply be blown away by a strong nitrogen 
flow. Adherence was greatly improved through the addition of a binder. The grafting properties of the 
substrate, whether the latter is made of metal [125,126] or ceramic [120–122,126], can be greatly 
enhanced through the use of a primer. This very thin layer constituted of one or several oxide(s)  
(e.g., Al2O3, TiO2, La2O3) is applied to the carrier prior to washcoat. It is generally obtained by dipping 
the substrate in a water-based sol [118,120,125,126] or an aqueous solution containing   
precursors [118]. The nanoparticles in the sol or the ions in the solution easily interact with the surface 
of the structured carrier, producing a well-adhered, dense oxide layer upon calcination. The increased 
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roughness of this primer, as compared to the original substrate, improves the bonding with the active 
phase [120]. Fabbrini et al. concluded that despite its much lower SSA, La2O3 constitutes a better 
primer than Al2O3 [121]. In fact, besides being prone to chemical interactions with the perovskite 
catalyst, the latter oxide has a poor thermal stability and its thermal expansion coefficient significantly 
differs from that of cordierite, favouring crack formation (Figure 12a,b) [118]. Lanthanum nitrate was 
found to be a better precursor of La2O3 than lanthanum acetate, the difference resting on their distinct 
decomposition behavior [121]. Lanthanum acetate tends to form platelet-shaped deposits, a 
morphology which is much less favorable to a good grafting of coated particles than the needle-like 
structures obtained when lanthanum nitrate is employed. Upon exposure to high temperature, 
lanthanum acetate agglomerates into larger plates, which can easily detach from the substrate, while 
lanthanum nitrate produces a compact layer ensuring the good anchoring of the active phase [121]. 
Catalytic layers deposited by slurry-coating were reported to be less adherent than those obtained by 
direct impregnation [106]. Therefore, a well-adhered perovskite coating obtained by  in situ  
on-substrate-wall synthesis can also be used as an efficient primer [100]. Since this primer can have 
exactly the same formulation as the slurry-coated particles, a better adherence can be achieved while 
no deactivation due to chemical interactions can occur. From the available literature, it is unfortunately 
difficult to clearly identify the optimum parameters (slurry composition, active phase content, nature 
and amount of binder/primer, etc.) necessary to produce a well-adhered washcoat of a perovskite-type 
oxide. Beside the scarce quantification of the adherence properties in the available literature   
(Figure 11 [126]), the lack of a reference adherence assessment test makes it arduous to compare 
results obtained by different research groups.  
Figure 12. SEM images of washcoated La0.9Ce0.1CoO3 after accelerated ageing at 800 °C 
for 1  h: (a) Al2O3  primer and (b) La2O3  primer. Reproduced with permission from   
Fabbrini et al. [118]. Copyright 2003, Elsevier.  
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In addition to mechanical aspects, the chemical stability of the catalyst layer is also of great 
importance. In most cases, no changes of texture, crystallinity or composition occur during the   
dip-coating procedure  [117].  Although surface modifications of the active phase (decrease of 
crystallinity, formation of surface hydroxyl groups) may take place during the preparation of the 
slurry, they are usually not critical for activity and thermal resistance [122]. As previously observed on 
extruded and  in situ  synthesized structured catalysts, chemical interactions between the active 
component and the substrate/binder/primer lead to the partial destruction of the perovskite structure 
and subsequent deactivation. For example, solid state reaction between the perovskite washcoat and 
the cordierite substrate [123], between La2NiO4 and the La2O3 primer [122], between La0.8Ce0.2NiO3 
and the ZrO2 binder [106] or between LaCoO3 and the Al2O3 primer [118] were reported.  
In the absence of chemical incompatibilities, the main origin for the deactivation of washcoated 
unsupported perovskite-type catalysts is the reduction of their SSA [123,126].  Kucharczyk  et al. 
reported that after 24 h of ageing at 900 °C, the methane conversion at 750 °C on monolith-carried 
La0.8Ag0.2MnO3  decreased from 98.9% to 67.0% as SSA dropped from 29.4 to 1.7  m
2∙g
−1  [126]. 
Sufficient stability can be obtained through the use of appropriate synthesis procedure and binder/primer 
additives [120,126]: more than 90% of the initial activity of a La0.9Ce0.1CoO3 washcoated catalyst 
could be maintained after ageing at 800 °C for 1 h [118,121]. Arendt et al. [117] reported that, at low 
temperature, perovskite-type catalysts were more active when carried on a metallic than on a ceramic 
substrate. The opposite behavior was observed at high temperature. Authors concluded that this could 
originate from the different thermal conductivity of the two carrier materials. However, since the 
catalyst particles adhered to the metal substrate (0.02–0.06 µm aggregates) were much smaller than 
those deposited on the ceramic one (3 µm aggregates), particle size effects cannot be excluded. The 
same authors observed that washcoated catalysts had increased activity compared to the corresponding 
powders. They suggested that the carrier material was able to activate molecular oxygen into strongly 
oxidizing species capable of limiting the accumulation of deactivating coke. On the contrary, Fabbrini, 
Forni et al. [118,120] calculated that, in the absence of a primer, the specific activity (per gram of 
active component) of carried catalysts, was lower than that of the corresponding powders, whereas 
identical activities were obtained when a primer was used. 
Washcoated Supported Catalysts  
Washcoated supported perovskite-type catalysts can be prepared by impregnation or   
deposition-precipitation of the active phase on an oxide support powder (e.g., γ-Al2O3, ZrO2, MgO) 
either before [39] or after [127–132] that the latter is washcoated on the structured carrier. This 
produces a homogeneously distributed active phase [127] on a porous support firmly anchored to the 
walls of the substrate [66,128].  
Similarly to other types of coated catalysts, exposure to high temperature can cause fractures in the 
washcoat. Nevertheless, the latter were not reported to strongly reduce adherence [127,128]. ZrO2 [128] 
and MgO [129] supports are chemically inert with respect to most of active phases. On the contrary, 
extensive interaction exists on γ-Al2O3 supported systems, which results, as earlier mentioned, in the 
formation of less active spinel structures, simple oxides and aluminate phases [66,130]. LaAl11O18 and 
LaCr1−xAlxO3 form upon solid-state reaction between LaCrO3 and γ-Al2O3 at high temperature [131] Catalysts 2014, 4  244 
 
 
while Mn from LaMnO3 is incorporated in the alumina lattice even at low temperature [129]. Such 
chemical interactions can be limited by precoating a La2O3 layer on alumina prior to the application of 
the perovskite phase [66].  
Deposition on a porous oxide support significantly increases the dispersion of the perovskite 
material, which enhances the catalytic performance [128,129,131]. Cimino et al.  compared fresh 
unsupported and ZrO2-supported LaMnO3 monolithic catalysts. A three times higher specific rate of 
methane combustion per gram of catalyst (corresponding to a 14-fold increase in the specific rate per 
gram of active phase) was obtained on the supported system [128]. Activity enhancement is however 
not always so spectacular [119] and has a limit: large perovskite crystals form upon increase of the 
perovskite-type oxide loading and exposure to high temperatures, which leads to pore blocking and 
loss of dispersion [39,128–131]. The decrease of activity was reported to be proportional to the loss of 
specific surface area: a reduction of both these parameters by a factor four was observed after treating 
a monolithic γ-Al2O3 supported LaMnO3 catalyst for 9 h at 1100 °C [127]. Although no support-active 
phase interactions were evidenced in the case of ZrO2 supported catalysts, the latter more largely 
deactivated than γ-Al2O3 supported ones due to strong sintering. The SSA of the washcoat decreased 
from 47 to 3 m
2∙g
−1 after exposure to 1100 °C for 8 h, thus providing an increase of T50 (temperature of 
50% methane conversion) by 175–190 °C [128].  
4. Implementation in TWC Converters  
In the previous sections, we have demonstrated the promising TWC performance of powdered 
perovskite-type oxides and the possibility to prepare structured catalysts based on these materials. The 
activity of perovskite-type oxides logically increases with increasing amount of accessible active 
phase. Consequently, a higher efficiency is obtained on extruded and coated structured catalysts 
containing a higher loading of active component  [104,120]. Accordingly, extruded catalysts with  
70–80 wt% of active phase provide better conversion efficiencies in the kinetic regime than the coated 
unsupported catalysts that contain 5–30 wt% of active phase [101]. For real scale applications (e.g., 
automotive exhaust treatment), where high velocity streams have to be treated, washcoated catalysts 
are more advantageous than extruded ones due to minimized diffusion limitations and, hence, a larger 
fraction of accessible active phase.  
Structured catalysts can be obtained by different synthesis methods. Non perovskite oxide layers 
prepared from precursors directly on the surfaces of a structured carrier are generally denser and have 
a lower SSA than those obtained by slurry-coating [84]. The difference is not so pronounced in the 
case of perovskite-type oxides due to the sudden release of large amounts of combustion related gases 
(NOx, CO2, H2O) upon calcination. Thus, the precursor solution based synthesis produces a relatively 
porous catalytic perovskite-type oxide layer with a SSA, thickness and catalytic performance which 
are comparable to those of washcoated layers. However, the significant release of heat and combustion 
related corrosive gases during the calcination restricts large scale production. Perovskite-type materials 
synthesized directly on the substrate surface by soft chemistry have a relatively low stability at high 
temperatures which results in sintering and deactivation. For these reasons, washcoated structured 
catalysts prepared from high temperature stable powders (synthesized, for example by flame 
hydrolysis) are more appropriate for TWC applications [118]. Amongst all types of structured Catalysts 2014, 4  245 
 
 
catalysts, the best performance is obtained on washcoated supported ones containing a low amount (up 
to 6 wt% referred to the whole structured catalyst) of a highly dispersed perovskite-type oxide phase. 
Labhsetwar et al. [66] demonstrated the difference between supported and unsupported perovskite-type 
oxides coated on monoliths for TWC applications (Figure 13).  
Figure 13. Comparison of CO, UHC, and NOx conversions obtained on unsupported and 
supported La0.7Sr0.3Mn0.95Pt0.05O3 washcoated cordierite honeycomb monoliths. Adapted 
from Labhsetwar et al. [66].  
 
The authors also studied the suitability of these catalysts for real scale application by testing them 
on an engine dynamometer. With supported perovskite type oxides coated structured catalysts, high 
conversions of CO (82%), UHC (86%) and NOx (71%) were obtained. Despite these promising results, 
the oxide support (typically γ-Al2O3) used to disperse the active phase has a lower thermal resistance 
than the perovskite-type oxide. The sintering of the oxide support results in the significant growth of 
supported perovskite-type oxide particles. Consequently, unsupported systems perform better than the 
supported ones after exposure to very high temperatures (i.e., 1100 °C [101]).  
The major advantage of perovskite-type oxides is that a large array of elements can be accomodated 
into the structure. This makes it possible to tailor catalytic properties of the materials for specific 
applications. However, this strength of perovskite-type oxides can be a drawback when it reacts with 
the substrate, binder or primer materials that are present in a TWC converter. This leads to decreased 
TWC activity. In extruded catalysts, such chemical interactions are not a serious issue owing to the 
high active phase content. Sadykov et al. have even reported advantages of such interactions: the 
conversion of the alumina binder into a hexa-aluminate phase upon solid state reaction with the 
perovskite-type oxide improves the mechanical strength of the extruded catalyst [90]. The strongest 
interactions are observed for supported structured catalysts due to the high dispersion of the active 
phase component [119]. In such catalysts, any alteration to the relatively low amount of active phase 
implies considerable activity loss. To prevent this, several authors have suggested that the surface of 
the oxide support should be thermally treated to achieve an inert upper layer prior to the deposition of Catalysts 2014, 4  246 
 
 
the active phase [131]. In agreement with this, α-Al2O3 was found to be less reactive than γ-Al2O3 to 
perovskite-type oxides [101]. Despite its reduced reactivity towards the active phase, α-Al2O3 has a 
significantly low SSA, which limits the dispersion of the supported perovskite-type oxide. Therefore, 
the deposition of a primer layer, e.g., La2O3, on a high SSA support appears to be the best option to 
protect the active perovskite-type oxide phase from chemical modifications while ensuring its 
sufficient dispersion.  
Additional issues have to be taken into account for perovskite-type oxides to be implemented in 
TWC converters. For health and environmental reasons, certain elements cannot be included in the 
composition of a TWC due to their oxidation and volatilization under the high temperature exhaust 
environment comprising water vapor and corrosive gases. The volatile metal-based species are then 
potentially released in the environment through high space velocity exhaust gases. German clean air 
regulations identified that cobalt-based species formed under these conditions were potentially 
carcinogenic. On the same line, the “self-regenerative” perovskite-type oxide catalyst LaFe0.95Pd0.05O3 
was commercialized as a TWC component whereas LaFe0.57Co0.38Pd0.05O3 was not [14]. Though the 
thermal stability of perovskite-type oxides is high, their sulfur resistance is limited. The low sulfur 
tolerance of perovskite-type oxides can be overcome by appropriately designing the structured catalyst. 
A double layer configuration where the active perovskite-type oxide phase is located in the inner layer 
can avoid interactions between the active phase and sulfur-containing compounds and hence catalyst 
deactivation  [14]. TWC converters containing a noble metal-based perovskite-type oxide with the 
double layer configuration shows better performance, over a wide range of space velocities, than a 
standard catalyst with a 1.5 times higher noble metal loading. As a result, self-regenerative Co-free 
perovskite-type catalysts were implemented in commercial TWC converters by Daihatsu Motor Co. 
Ltd. Around 3.2 million TWC converters based on this technology have been installed between 2002 
and 2007 in Japan and in Europe [133]. 
Recently, solid foams have attracted particular attention as potential alternatives to honeycomb 
monoliths [134]. These sponge-like substrates contain interconnected and ramdomly-organized open 
pores in the millimeter-range. These foams can typically be made of the same constituting materials as 
monoliths and are characterized by their pore density, which can vary from 5 to 100 pores per inch 
(ppi). Compared to monoliths, the structure of foams creates higher pressure drops but allows radial 
mixing and enhanced turbulence [135]. Such features improve mass and heat transfers, which are crucial 
parameters in exhaust after-treatment applications. There are very few studies on perovskite-type 
oxides based foam catalysts [119,130] and none of them evaluates the performance of the foams in 
relation to the conventional honeycomb monoliths.  
The multifunctional properties of perovskite-type oxides could also impart new possibilities to the 
TWC converters. For example, by exploiting the dielectric properties of perovskite-type oxides, TWC 
converters can be dielectrically-heated to minimize exhaust emissions during the cold start of a 
gasoline engine [87] A cordierite monolith coated with LaCoO3  exhibits rapid heat-up under 
microwave irradiation allowing to attain the 50% UHC conversion temperature within 15 s. Similarly, 
La0.8Ce0.2MnO3 was reported as a dielectric material for the periodical regeneration of monolithic soot 
filters in diesel exhaust after-treatment systems [124]. Perovskite-type oxides are also studied for 
thermoelectric applications [22]: manganites, cuprates and cobaltites, which are known for their 
suitable catalytic performance, can be used to build thermoelectric oxide modules for the direct Catalysts 2014, 4  247 
 
 
conversion of heat into electricity [136]. As a consequence, an appropriately designed TWC converter 
made of a suitable perovskite-type oxide could simultaneously remove noxious compounds from the 
exhaust gases and recycle the waste heat into electric energy for the vehicle.  
5. Conclusions 
Perovskite-type oxides are reviewed in relation to their application in exhaust after-treatment 
technologies as three-way catalysts (TWC). The main advantage of these materials is their robust 
crystal structure that can be used to catalyze redox reactions due to their flexible oxygen content. The 
possibility to accommodate simultaneously different metal cations at A- and B-sites allows to tune the 
catalytic properties for a specific application such as TWC, which requires redox properties with high 
thermal stability. As such, perovskite-type oxides exhibit good oxidation activity which can be 
improved by including a fraction of noble metals like Pd, Pt, or Rh at the B-site. However, significant 
improvement in the oxidation activity of the materials is only observed when the noble metal is 
dislodged from the B-site of the crystal and forms metal nanoparticles of few nanometers at the 
surface. Recent studies demonstrate that the dislodged noble metal is not completely reintegrated into 
the perovskite crystal, questioning the self-regenerative property of the materials. The potential use of 
these materials for real scale TWC applications is studied by converting powder catalysts into 
structured ones such as monoliths or foams.  
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